Root hair development is crucial for phosphate absorption, but how phosphorus deficiency affects root hair initiation and elongation remains unclear.
Introduction P i is an essential macronutrient that plays a crucial role in multiple physiological processes and metabolic pathways in plants. P i availability is a major factor limiting crop production. As the P i in soils has low availability and limited mobility, plants have evolved complex mechanisms in response to phosphorus (P) deficiency, including morphological and physiological responses (Raghothama, 1999; P eret et al., 2011; Plaxton & Tran, 2011) . In Arabidopsis thaliana, P i deficiency inhibits root apical meristem activity through reduced cell division and the loss of a quiescent center, while inducing lateral root formation and growth (S anchez-Calder on et al., 2005) . P i -deficiency-promoted root hair number and length enhance overall root absorption capacity and efficiency (Bates & Lynch, 2000) .
A major metabolic event in the plant response to P i deficiency is membrane lipid remodeling, in which lipid metabolic and signaling pathways are activated to increase the levels of non-Pcontaining galactolipids and decrease the levels of phospholipids to scavenge and reserve internal P i for other cellular needs (Andersson et al., 2003; Nakamura et al., 2009; Shimojima & Ohta, 2011; Nakamura, 2013; Pant et al., 2015) . In Arabidopsis, the genes encoding phospholipase Df2 (PLDf2) and nonspecific phospholipase C4 (NPC4) are highly induced in response to P i deficiency (Nakamura et al., 2005; Cruz-Ramirez et al., 2006; Li et al., 2006) . PLDf2 hydrolyzes phosphatidylcholine and phosphatidylethanolamine to produce diacylglycerol, which is later converted to digalactosyldiacylglycerol, while the free P i is recycled and utilized for other processes (Cruz-Ram ırez et al., 2006) . PLDf2 and NPC4 play distinct roles in root hair growth and development in response to P i deprivation: PLDf2 negatively modulates root hair density and length, whereas NPC4 promotes root hair elongation (Su et al., 2018) . PLDf2 and its product, phosphatidic acid (PA), also function in root growth and auxin responses by regulating the cycling of the auxin efflux carrier PIN-FORMED2 (PIN2; Li & Xue, 2007) . Phospholipase D (PLD)-derived PA functions in root hair patterning and growth by binding to distinct target proteins and regulating their activity and subcellular localization (reviewed by Yao & Xue, 2018) .
The phytohormone auxin plays crucial roles in plant responses to P i deficiency by regulating primary root, lateral root, and root hair development (L opez-Bucio et al., 2002; Nacry et al., 2005; Kapulnik et al., 2011; Mart ın-Rejano et al., 2011) . The increased auxin sensitivity of plants under a low phosphate (LP) condition appears to be directly associated with enhanced lateral root initiation and emergence (L opez-Bucio et al., 2002; P erez-Torres et al., 2008) . The auxin level of root tips is upregulatedin particular, that of root hair zones is significantly increasedunder LP conditions (Nacry et al., 2005; Bhosale et al., 2018) , which is consistent with that the auxin biosynthesis gene (TRYPTOPHAN AMINOTRANSFERASE OF ARABIDOPSIS1, TAA1) is significantly upregulated under LP conditions. Under LP conditions, TAA1 (involved in auxin biosynthesis) promotes root hair development by mediating auxin biosynthesis (the taa1 mutant shows shorter root hairs under LP conditions), whereas DIOXYGENASE FOR AUXIN OXIDATION1 (DAO1), the auxin inducible IAA-degrading enzyme) inhibits root hair development by increasing auxin degradation (the dao1.2D mutant with increased DAO1 expression shows shorter root hairs under LP conditions) Giri et al., 2018) , indicating that altered biosynthesis/metabolism of auxin is essential for root hair growth and development in response to P i deficiency.
Auxin transport from the root apex to the differentiation zone through influx and efflux carriers (such as AUX1 and PIN) promotes auxin-dependent root hair growth in response to P i deficiency. Auxin is mobilized via AUX1 to the root hair differentiation zone to promote root hair elongation, and aux1 mutant presents shorter root hairs under LP conditions . The subcellular localization and accumulation of PIN proteins are important for the formation of the auxin gradient that is crucial to plant development (Petrasek & Friml, 2009) . PIN2 localizes at the cortex and epidermal cells of root tips and mediates the transport of auxin from the root tip toward the elongation zone, creating the auxin gradient in roots together with other transporting proteins (Friml et al., 2002; Petr a sek et al., 2006; Wi sniewska et al., 2006) . Whether PIN2 functions in the root hair development under P i deficiency is still unclear. The activity and proper localization of PIN2 are regulated by a serine/threonine (Ser/Thr) protein kinase PINOID (PID) and a protein phosphatase 2A (PP2A; Michniewicz et al., 2007) . PIN2 stability is regulated by various factors, and PIN2 accumulates in the vacuole under light-dark transition (Kleine-Vehn et al., 2008; Laxmi et al., 2008) . Further studies showed that PIN2 accumulation in the vacuole is regulated by inositol 1,4,5trisphosphate (IP 3 ) and high-temperature treatment, a process mediated by SORTING NEXIN (SNX)-containing endosomes (Hanzawa et al., 2013; Chu et al., 2016) .
SNXs are endosomal regulatory proteins first discovered in human cells, where they affect the sorting of the epidermal growth factor receptor for degradation in lysosomes (Kurten et al., 1996) . Mammals have c. 30 SNX family members, whereas Arabidopsis has only six: SNX1, SNX2a, SNX2b, and three unexplored proteins (SNX3, SNX4 and SNX5). SNX1 recruits SNX2a and SNX2b to the endosome by forming SNX1-SNX2 dimers (Pourcher et al., 2010; Jaillais et al., 2016; Heucken & Ivanov 2018) . SNX proteins function in various physiological processes, especially responses to environmental stimuli (Hanzawa et al., 2013; Ivanov et al., 2014; Li et al., 2018; Salanenka et al., 2018) . snx1 seedlings exhibit pronounced growth arrest, including shortened primary roots on low-sucrose medium (Kleine-Vehn et al., 2008; Hirano et al., 2015) . Salt stress induces the expression of SNX1, thereby regulating nitric oxide (NO) synthase activity and NO accumulation. The NO synthase-like activity and the expression of some superoxide dismutases are inhibited in snx1 mutant . At high temperature, SNX1 regulates intracellular auxin levels by mediating the transport of PIN2 from late endosomes to the plasma membrane (Hanzawa et al., 2013) .
In yeast, the SNX1-retromer complex is required to transport proteins from the prevacuolar compartment (PVC) to the trans-Golgi network (Seaman, 2005) . Arabidopsis SNX1 is located in the PVC and is involved in the vacuolar sorting of PIN2 at the PVC. In snx1 seedlings, PIN2 shows reduced abundance at the plasma membrane and accumulates in the vacuoles (Kleine-Vehn et al., 2008) . The endocytosis of SNX1 is promoted by IP 3 , leading to reduced SNX1 accumulation at the plasma membrane, thereby suppressing the degradation of membrane proteins (Chu et al., 2016) , providing a mechanism for the regulation of the vacuolar degradation of membrane proteins. In addition, SNX1 mediates the homeostasis of PIN1 and PIN2 by directly interacting with biogenesis of lysosome-related organelles complex 1 (Cui et al., 2010) .
Although crosstalk between low P and auxin has been reported, little is known about the underlying mechanism. Here, through systematic genetic and biochemical analyses, we demonstrate that PLDf2-derived PA directly binds to SNX1 to promote its accumulation at the plasma membrane, resulting in the suppressed endocytosis and vacuolar degradation of PIN2, thereby stimulating the root hair and plant growth under LP conditions.
Materials and Methods

Plant materials and growth conditions
Seedlings Col-0, pPIN2:PIN2-green fluorescent protein (GFP), p35S:SNX1-mcherry, pSNX1:SNX1-red fluorescent protein (RFP), pSNX2a:SNX2a-GFP, DR5:GFP, DR5:b-glucuronidase (GUS), pin2 (eir1-1), pldf2 (Salk_094369), snx1 (SALK_033351), pPIN2:PIN2-GFP in pldf2 (Salk_094369), pPIN2:PIN2-GFP in PLDf2-ox, and pPIN2:PIN2-GFP in snx1 (SALK_033351) background were used. The sterilized seeds of Arabidopsis thaliana were stratified at 4°C for 2 d, then evenly spread in ½ Murashige & Skoog (½MS) with 2% sucrose and germinated in phytotron with a 16 h : 8 h, light : dark, cycle (23°C). Seven-day-old seedlings were transferred to soil and grown in phytotron. The ½MS normal condition medium contains 0.305 g l À1 MS basal salt mixture without nitrogen (N), P, and potassium (K) (PhytoTechnology Laboratories, Shawnee Mission, KS, USA), 18.79 mM potassium nitrate, 20.61 mM ammonium nitrate, 1.25 mM potassium dihydrogen phosphate (KH 2 PO 4 ), 0.43 g l À1 Mes, 20 g l À1 sucrose, and 8.5 g agar, pH 5.85. The ½MS low-P medium contains 0.625 mM potassium sulfate instead of 1.25 mM KH 2 PO 4 .
Full-length complementary DNA (cDNA) of SNX1 was amplified using primers (forward: 5 0 -CGGGATCCATGG AGAGCACGGAGCAGCCGA-3 0 ; reverse: 5 0 -GCGTCGACG ACAGAATAAGAAGCTTCAAGT-3 0 ) and then subcloned into pCambia1300-mCherry vector. Confirmed construct (p35S: SNX1-mCherry) was transformed into Arabidopsis by the floral dip method.
Expression of recombinant protein, protein extraction, and immunoblotting analysis
Full-length cDNA of SNX1 was amplified using primers (forward: 5 0 -GCGGATCCGATGGAGAGCACGGAGCAGCCGA-3 0 ; reverse: 5 0 -CCGAGCTCCGACAGAATAAGAAGCTTCA AGT-3 0 ) and subcloned into pET51b (Novagen, Madison, WI, USA). Confirmed construct was transformed into Escherichia coli Rosetta (DE3) and SNX1 protein expression was induced by supplementing with isopropyl-b-D-1-thiogalactopyranoside (0.1 mM) for 10-16 h at 16°C. Histidine (His)-tagged SNX1 was purified using nickel nitrilotriacetic acid agarose gel electrophoresis according to the manufacturer's protocol (Novagen).
Plant tissues were collected and homogenated in protein extraction buffer (20 mM Tris hydrochloride (Tris-HCl), pH7.5, 150 mM sodium chloride (NaCl), 0.5% Tween-20, 1 mM EDTA, 1 mM dithiothreitol (DTT)) containing a protease inhibitor cocktail (Roche, Basel, Switzerland) on ice for 30 min, centrifuged at 12 000 g for 15 min, and the supernatant was collected as the total protein. For the immunoblot of PIN2-GFP, root tips of treated seedlings were harvested to extract the total proteins, and analyzed using anti-GFP antibody (Abcam, Cambridge, UK), which were quantified by actin (Abcam).
To extract the membrane proteins, the seedlings were ground in liquid nitrogen, and added in grinding buffer (20 mM Tris-HCl, pH 8.8, 150 mM NaCl, 1 mM EDTA, 20% glycerol, protease inhibitors) for 30 min on ice, centrifuged (6000 g) for 30 min, and then centrifuged (100 000 g) for 60 min. The pellets were resuspended in dissolving buffer (10 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 10% glycerol, 1% Triton X-100, protease inhibitors); for details, see Gao et al. (2013) and Chu et al. (2016) . Extracted membrane proteins were quantified by bicinchoninic acid and Coomassie Brilliant Blue staining. Equal amounts of protein were separated by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis and detected by immunoblotting.
Immunoblotting analysis was performed according to previous description (Tan et al., 2013) . The activities of immunoglobulin G alkaline phosphatase (AP)-conjugated secondary antibody (Santa Cruz Biotechnology, Delaware Ave Santa Cruz, CA, USA) or horseradish peroxidase-conjugated secondary antibody (Abcam) were detected using a BCIP/NBT kit (Invitrogen, Waltham, MA, USA) or by ECL Western blotting substrate (Tanon, Pujiang High-tech Park, Shanghai, China), respectively. The brand density was measured and calculated by IMAGEJ (NIH, Bethesda, MD, USA).
Lipid-protein blotting and liposomal binding
PA-protein binding was assayed by using lipid-protein blotting. PA was dissolved in chloroform and different concentrations of PA were spotted onto a nitrocellulose membrane and dried at room temperature for c. 2 h in darkness. The nitrocellulose membranes contained different lipids (PIP Strips TM membranes; P23751) were purchased from ThermoFisher (Waltham, MA, USA). The nitrocellulose membranes were incubated for 1 h at room temperature in 3% fatty-acid-free BSA (w/v) in the TBST (Tris-buffered saline, Tween 20) solution. After washing with TBST three times, the membranes were incubated at 4°C overnight with TBST containing the purified protein of SNX1. Then, after washing three times with TBST, the membranes were then incubated at room temperature for 4 h with anti-His tag (Abcam) in TBST, followed by three washes with TBST and then incubated at room temperature for 1 h with secondary antibody. The AP activity was detected using a BCIP/NBT kit (Invitrogen).
Liposomal binding was performed according to a previously described method (Yao et al., 2013) with slight modifications. Dioleoyl PC and dioleoyl PA (both obtained from Avanti Polar Lipids, Alabaster, Alabama, AL, USA) were dissolved in chloroform in a 3 : 1 molar ratio and then dried under N. Dried lipids were rehydrated in extrusion buffer (250 mM raffinose, 25 mM Tris-HCl pH 7.5, 1 mM DTT) at 42°C for 1 h. The extrusion buffer containing lipids was extruded repeatedly by the liposome extruder through the polycarbonate membrane (0.2 lm pore size) to produce an optically clear suspension of small unilamellar liposomes according to the manufacturer's instructions (Avanti Polar Lipids). The small unilamellar liposomes were diluted with three volumes of binding buffer (25 mM Tris-HCl pH 7.5, 1.25 mM potassium chloride, 0.5 mM EDTA, 1 mM DTT). The pellets were harvested by centrifugation (100 000 g) for 40 min and then resuspended in binding buffer to generate the stock (3.2 mM). Different concentrations of liposomes were incubated with the purified proteins at 25°C for 45 min and the liposomes-containing proteins were centrifuged (14 000 g) for 30 min. The pellets were washed twice with binding buffer and the supernatant transferred to a new tube. The protein remaining in the supernatant was precipitated by the addition of 1 : 10 (v/v) of 100% trichloroacetic acid in ice for 30 min and then centrifuged (14 000 g) for 10 min. The pellets were then washed twice with acetone and the liposome-bound proteins in the supernatant detected by immunoblotting analysis.
Chemical treatments and histochemical analysis of bglucuronidase activities
Brefeldin A (BFA; Yeasen Biotechnology, Pudong New Area, Shanghai, China), dissolved in dimethyl sulfoxide as 40 mM stock, was diluted to 40 µM for treatment. Wortmannin (Yeasen New Phytologist (2020) 
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Biotechnology), dissolved in dimethyl sulfoxide as 34 mM stock, was diluted to 16.5 µM for treatment. PA (50 mM, Sigma-Aldrich, MO, USA) was dissolved in 100% ethanol and the concentration used was 50 µM. PLD inhibitor 1-butanol (0.2%, w/ w) was applied with 2-butanol as control (both obtained from Sigma-Aldrich). The working concentration of PLD2 inhibitor (VU0285655-1; Avanti Polar Lipids) was 0.2 lM. FM 4-64 (ThermoFisher), dissolved in sterile water, was diluted to 2 µM for treatment.
For LP treatment, seedlings were grown on ½MS for 4 d and then transferred to medium containing normal P i (1.25 mM, normal phosphate (NP)) or low P i (0 mM, LP) for 3, 5, and 7 d for observation. For treatment with PA, 1-butanol, or 2-butanol, the seedlings were grown on ½MS for 6 d and then transferred into NP or LP liquid medium containing PA (50 µM), 1-butanol, or 2-butanol (0.2%). Seedlings were harvested to extract the membrane proteins, and the degradation of PIN2 in the vacuole was observed at different times.
For PLD2 inhibitor or wortmannin treatment, the seedlings were germinated on ½MS for 4 d and then transferred to NP or LP medium containing PLD2 inhibitor (200 nM), wortmannin (16.5 lM), or dimethyl sulfoxide (DMSO) for different times.
To observe the endocytosis of PIN2-GFP, SNX1-RFP and SNX2a-GFP, the seedlings were grown on ½MS for 6 d and then transferred to LP or NP liquid medium containing BFA. BFA inhibits the vesicle transport from endosomes to the plasma membrane and leads to the endosomes aggregating (so called BFA bodies); the number of BFA bodies per cell was observed and counted after treatment for different times by using a confocal microscope. For exocytosis analysis, seedlings were transferred in liquid ½MS containing BFA for 1.5 h and then washed in LP or NP liquid medium to count the number of BFA bodies per cell at different times.
For histochemical analysis of GUS reporter enzyme activity, the DR5-GUS seedlings were grown under the NP condition, the LP condition with PLD2 inhibitor (200 nM), wortmannin (16.5 lM), or DMSO for 5 d, then incubated in the GUS solution for 12 h at 37°C, and then observed according to a previous description (Tang et al., 2016) .
Morphological analysis
The length of primary root was measured using the IMAGEJ program. Photographs of root hairs were taken using the differential interference contrast microscope, and the length and number of root hairs were measured using the IMAGEJ program.
Confocal laser microscopy observation
An LSM-880 laser-scanning confocal microscope (Zeiss, Jena, Germany) and Fluoview-FV10i laser-scanning confocal microscope (Olympus, Tokyo, Japan) were used. GFP or monomeric RFP fluorescence was excited by the 488 nm argon laser or the 561 nm He-Ne laser, respectively. Settings of the confocal microscope were the same for all image capture processes.
Results
PIN2 deficiency results in defective root hair elongation under phosphorus deficiency
Root system architecture is strongly affected by the soil environment, especially nutrient levels. Under LP conditions, primary root growth is significantly suppressed, whereas the initiation and elongation of lateral roots and root hairs are promoted. The biosynthesis and transport of the phytohormone auxin are critical in promoting root hair growth in response to LP. Since the auxin efflux carrier PIN2 plays crucial roles in root hair development, we investigated whether polar auxin transport is involved in altered root hair growth under LP conditions, as well as the underlying regulatory mechanism.
By using a specific nutrient system (see the Materials and Methods section), studies revealed that root hair length and numbers are significantly increased in the wild-type (WT) under LP conditions ( Fig. 1a,b ), whereas these responses were almost completely disrupted in the Arabidopsis pin2 mutant; in particular, the root hair length was greatly reduced (Fig. 1a ). Fewer root hairs were present in pin2 than in WT seedlings under both NP and LP conditions ( Fig. 1b ). Although the inhibition of primary root growth and increased lateral root number were not significantly altered (Supporting Information Fig. S1 ), root hair elongation was suppressed in pin2 seedlings under LP ( Fig. 1b) , indicating that PIN2-mediated polar auxin transport is involved in root hair development under P deficiency.
PIN2 degradation in vacuoles is suppressed under phosphorus deficiency or treatment with phospholipase Dderived phosphatidic acid Membrane-localized PIN2 is degraded in the vacuole. Given that, under LP conditions, root hair elongation is reduced and auxin transport from the root tip to the shoot is blocked in pin2 seedlings but PIN2 expression is not significantly altered (Kumar et al., 2015; Bhosale et al., 2018) , we examined the PIN2 degradation under both the NP and LP conditions. Indeed, observation of the fluorescence of PIN2-GFP fusion protein revealed the increased accumulation of PIN2 in the vacuole under NP conditions ( Fig. 2a ), visualized by using the endocytic dye FM4-64, which labels the tonoplast ( Fig. S2 ; Kleine-Vehn et al., 2008) , which was consistent with previous findings (Kleine-Vehn et al., 2008; Laxmi et al., 2008) . By contrast, PIN2 accumulation in the vacuole was strongly suppressed under LP conditions ( Fig. 2a ). Further immunoblotting analysis using total proteins extracted from root tips confirmed the increased level of PIN2-GFP under LP conditions (Figs 2b (top), S3), suggesting that P deficiency inhibits PIN2 degradation in the vacuole. By using marker lines DR5::GFP and DR5::GUS, observations revealed the increased signals in root tips and elongation zones where root hair initiates (Fig. S4 ), indicating the increased auxin level in roots under LP conditions, which was consistent with the recent reports . Root hair number and length were observed (left) and root hair length of seedlings after treatment for 5 d was measured (right). Bar, 1 cm. The experiments were performed with three biological repeats, and data are presented as means AE SE (n > 50). Statistical analysis was performed by two-tailed Student's t-test (*, P < 0.05; ***, P < 0.001, compared with Col-0 under same condition). (b) Root hair number and length of Col-0 and pin2 seedlings under NP or LP conditions for 7 d. Numbers above the bars indicate the increased fold under LP vs NP conditions. The experiments were performed with three biological repeats, and data are presented as means AE SE (n > 50). Statistical analysis was performed by two-tailed Student's t-test (*, P < 0.05; **, P < 0.01; ***, P < 0.001, compared with Col-0 under same condition). 
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PLDf2 produces PA, a key signaling molecule involved in various physiological processes, by directly binding to various target proteins (Yao & Xue, 2018) . PLDf2 and PA mediate auxin transport and distribution through regulating the cycling of PIN2 (Li & Xue, 2007) . Under salt stress, PLD-derived PA binds with PID and increases the PID-dependent phosphorylation of PIN2 to activate auxin efflux and alter auxin accumulation, resulting in the promoted root growth (Wang et al., 2019) . PA also binds with the scaffolding A1 subunit of protein phosphatase 2A New Phytologist dephosphorylation and hence the auxin distribution (Gao et al., 2013) . As PLDf2 transcription is strongly induced in both roots and shoots under P i starvation, and this induction is fairly specific relative to deficiencies of other nutrients, including iron, K, sulfur, and N (Cruz-Ram ırez et al., 2006), we investigated whether PLDf2 is involved in mediating the vacuolar degradation of PIN2 under LP conditions. Analysis by observing the PIN2-GFP fluorescence showed that PIN2 accumulation in vacuoles was increased in pldf2 mutant, even under LP conditions ( Fig. 2a ), but that was strongly suppressed in PLDf2-overexpressing lines under NP or LP conditions (Fig. 2a) . These results suggested that PLDf2 played a crucial role in regulating the vacuolar degradation of PIN2 under P i starvation. We then treated plants with the PLD inhibitor 1-butanolwhich reduces cellular PA levels by promoting the production of phosphatidylalcohols instead of PA from PLD (Munnik et al., 1995) to evaluate the effects of PA on the degradation of PIN2 under LP conditions. The vacuolar accumulation of PIN2 was clearly increased in treatment with 1-butanol under LP conditions ( Fig. 2c) , which was consistent with the findings for pldf2 seedlings under LP conditions ( Fig. 2a ). Conversely, under NP conditions, treatment with PA suppressed the vacuolar accumulation of PIN2 (Fig. 2c) . These results indicate that PLDf2-derived PA mediated the response to the LP condition and regulated the accumulation of PIN2 in the vacuole. However, further observation of the root development of pldf2 seedlings under P deficiency showed that the primary root length, lateral root numbers, and number and length of root hairs of pldf2 and PLDf2-overexpressing lines were similar to that of WT under NP or LP conditions (Fig. S5 ). This is possibly due to the functional redundancy of PLD family members. Indeed, transcription levels of some members of the PLD family, PLDa1/2 and PLDb1/2, were increased under the functional deficiency of PLDf2 (Li et al., 2006) .
Based on the similarity of Arabidopsis PLDf2 to mammalian PLD2, specific mammalian PLD2 inhibitor (N-{2-[4-oxo-1phenyl-1,3,8-triazaspiro(4.5)decan-8-yl]ethyl}quinoline-3-carboxamide), which also specifically inhibits the activity of AtPLDf and does not affect other PLD members (Scott et al., 2009; Yao et al., 2013) , was applied. Analysis showed that treatment with the PLD2 inhibitor did not affect primary root length or root hair number under either NP or LP conditions (Fig. S6) . However, the root hair length of inhibitor-treated plants was much shorter than those of the control (DMSOtreated) plants under LP conditions (Fig. 2d) , which was similar to the phenotype of pin2 plants under LP conditions. In addition, PLD2 inhibitor suppressed the accumulation of PIN2 proteins (Figs 2b (bottom) , S3) and decreased the level of auxin in the root hair zone under LP conditions (Fig. S4 ), further confirming that PLDf2 was involved in root development under P deficiency through regulating the PIN2-mediated auxin transport.
Knockout of PLDf2 did not disrupt the root hair development under LP condition, whereas treatment with PLDf2 inhibitor did. The discrepancies between gene knockout and treatment with inhibitor may be due to the fact that genetic deficiency of PLDf2 is complemented by other PLD members, whereas inhibitor specifically inhibited the activity of PLDf2 protein and other PLD members could not complement this.
Regulation of PIN2 vacuolar accumulation by PLDf2derived phosphatidic acid is dependent on SNX1
Since PIN2 is a membrane protein, its cycling from the plasma membrane to the cytosol and sorting into the vacuole are crucial for its accumulation and activity in the membrane; these processes are largely dependent on SNX1 (Kleine-Vehn et al., 2008) . Under low or no-sucrose conditions, snx1 mutant seedlings exhibit multiple auxin-related defects, as SNX1 controls the transport of PIN2 through SNX1-containing endosomes (Jaillais et al., 2016; Hirano et al., 2015) . To explore whether SNX1 is involved in PIN2-regulated root hair elongation under P deficiency, we assessed root development in snx1 plants. Under either NP or LP conditions, primary root, lateral root, and root hair development were similar in snx1 and WT (Fig. S7) , which perhaps may be due to the functional redundancy of SNX family members (Pourcher et al., 2010) .
Treatment with wortmannin (an inhibitor of phosphoinositide 3-kinase), which interferes with the action of SNX under LP or NP conditions, resulted in shorter root hairs. In particular, the elongation of root hairs under LP conditions was significantly suppressed by wortmannin ( Fig. 2d) . Studies have shown that SNX1 plays an important role in regulating the auxin distribution in roots. Interestingly, under LP conditions, treatment with wortmannin results in an increased auxin level in root tips, while that at root elongation zones where root hair initiates was obviously decreased (Fig. S8 ), suggesting the involvement of SNXs in root hair elongation through regulating the distribution of auxin in root elongation zones. PIN2 accumulation at the plasma membrane is reduced in snx1 seedlings (Kleine-Vehn et al., 2008) , and further investigations on the recycling of PIN2 under LP conditions showed that compared to control, the PIN2 vacuolar accumulation under LP conditions was increased in response to treatment with 1-butanol in WT, or that under NP conditions was reduced by the addition of exogenous PA (Fig. 2c) , however, these were not observed in snx1 seedlings (Fig. 3a,b) , indicating that PLDf2-PA-regulated PIN2 recycling under LP conditions was dependent on SNX1.
Phosphatidic acid binds to SNX1 in vitro and promotes its accumulation at the plasma membrane under low phosphate condition
Like human SNX1, Arabidopsis SNX1 contains a lipid-binding domain (Phox homology (PX)), which binds to phosphatidylinositol 3-phosphate (PI3P) and phosphatidylinositol 3,5-bisphosphate (PI(3,5)P 2 ) in vitro (Hirano et al., 2015) . To explore how PLDf2-PA regulates SNX1 activity, we examined the binding of purified SNX1 with lipids in vitro by performing a protein-lipid overlay assay. In addition to PI3P, phosphatidylinositol 4-phosphate, phosphatidylinositol 5-phosphate, and PI(3,5)P 2 , SNX1 also interacted with PA in a dose-dependent manner (Fig. 4a) 
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Therefore, we examined the cellular effects of PA binding with SNX1 and determined whether PA affects the accumulation of SNX1 in the membrane under LP conditions. We extracted membrane proteins from Arabidopsis seedlings expressing SNX1-mCherry and analyzed the subcellular distribution of SNX1. The SNX1 accumulation at the membrane was increased under LP conditions, but treatment with 1-butanol prevented this increase from occurring (Fig. 4c) . Under NP conditions, SNX1 accumulated markedly at the plasma membrane upon PA treatment (Fig. 4c) . Conversely, much less SNX1 was accumulated at the plasma membrane under NP conditions in pldf2 compared with WT ( Fig. 4d ). However, SNX1 accumulation at the plasma membrane of pldf2 seedlings was not obviously altered under LP conditions and was promoted by exogenous PA treatment (Fig. 4e) . These results suggest that PA promoted SNX1 accumulation at the plasma membrane under LP conditions.
The endocytosis and exocytosis of SNXs are unaltered, whereas PIN2 endocytosis is reduced under low phosphate conditions
In addition to regulating the subcellular localization of its binding proteins, PA also enhances the endocytosis of membrane proteins (Scott et al., 2009) . Since SNX1 protein is accumulated at the plasma membrane under LP conditions, we examined the endocytosis and exocytosis processes of both SNX1 and SNX2a (Figs 5a, S9a,b ), suggesting that the LP condition does not affect the endocytosis and exocytosis of the SNX retromer complex, and altered SNX1 accumulation at the plasma membrane is mainly due to the binding with PA not the vesicle trafficking. Intercellular trafficking is important for PIN2 cycling and vacuolar degradation, and SNX1, a component of the retromer complex, resides in intracellular structures to function in the cycling of PIN2 (Jaillais et al., 2016) . Since SNX1 is accumulated at the plasma membrane under LP conditions, we thus investigated the endocytosis and exocytosis of PIN2 under LP conditions. Compared with the rapidly assembled BFA bodies under NP conditions, much fewer and smaller BFA bodies were observed under LP conditions (Figs 5a, S9c) , indicating that the endocytosis of PIN2 was decreased under LP conditions. By contrast, after BFA washout, the number and sizes of BFA bodies harboring PIN2 were similar under NP and LP conditions, indicating that the exocytosis of PIN2 was unchanged under LP conditions. These results indicated that the reduced endocytosis of Fig. 4 Phosphatidic acid (PA) binds to SORTING NEXIN1 (SNX1) and promotes its accumulation at the plasma membrane under low phosphate (LP) conditions. (a) Fat-immunoblotting assay revealing the binding of SNX1 to PA. The phospholipid type of each dot is indicated (top). PC, phosphatidylcholine; PE, phosphatidylethanolamine; PS, phosphatidylserine; LPA, lysophosphatidic acid; LPC, lysophosphatidylcholine; S1P, sphingosine 1phosphate; PtdIns, phosphatidylinositol; PI(3)P, phosphatidylinositol 3-phosphate; PI(4)P, phosphatidylinositol 4-phosphate; PI(5)P, phosphatidylinositol 5phosphate; PI(3,4)P2, phosphatidylinositol 3,4-phosphate; PI(3,5)P2, phosphatidylinositol 3,5-phosphate; PI(4,5)P2, phosphatidylinositol 4,5-phosphate; PI(3,4,5)P3, phosphatidylinositol 3,4,5-phosphate. Different concentrations of PA (0, 0.5, 1, 2, 5 and 10 . Five-day-old wild-type (WT) Arabidopsis thaliana seedlings expressing PIN2-GFP, pSNX1: SNX1-RFP or pSNX2a:SNX2a-eGFP were treated with BFA (45 lM) for 0, 30, 60 or 90 min, followed by washout with ½ Murashige & Skoog (½MS) for 30, 60 or 90 min under both normal phosphate (NP; 1.25 mM P i ) and LP conditions (0 mM P i ). Relative compartment counts per cell were calculated by setting the number of BFA bodies after treatment for 90 min as '100%'. Data are presented as means AE SE (n > 40) and statistically analyzed using a twotailed Student's t-test (***, P < 0.001, compared with those under NP conditions at same time treatment). (b) Number of BFA bodies labeled PIN2-GFP. Five-day-old WT seedlings expressing PIN2-GFP in snx1 mutant, in pldf2 mutant, or treated with PLD2 inhibitor (300 nM) were treated with BFA (45 lM) for 0, 30, 60 or 90 min, followed by washout with ½MS for 30, 60 or 90 min under both NP or LP conditions. Relative compartment counts per cell were calculated by setting the number of BFA bodies after treatment for 90 min as '100%'. Data are presented as means AE SE (n > 40) and statistically analyzed using a two-tailed Student's t-test (**, P < 0.01; ***, P < 0.001, compared with those under NP conditions at same time treatment). (c) Hypothetical model illustrating how PLDf2-derivated phosphatidic acid (PA) suppresses the degradation of PIN2 in the vacuole and stimulates root hair growth under LP conditions by binding with and promoting the membrane distribution of SNX1. Under NP conditions, the membrane protein PIN2 cycles from the membrane to the cytosol, and some of it is sorted into the vacuole for degradation directed by SNX-containing endosomes (left). LP conditions stimulate PLDf2 activity, thereby increasing PA levels, which binds to SNX1 and promotes the plasma membrane accumulation of SNX1, resulting in the suppressed endocytosis and the increased accumulation at the plasma membrane of PIN2, in turn promoting root hair growth under LP conditions (right). 
Discussion
In this study, we demonstrated the crucial roles of the auxin efflux carrier PIN2 in plant responses to P deficiency through regulating root hair elongation. The degradation and intercellular trafficking of PIN2 are suppressed by PLD-derived PA through its binding with SNX1. Since PLDs are significantly induced by P deficiency, our results reveal a regulatory mechanism of root hair elongation under P deficiency via PLD-derived PA, which suppresses the vacuolar degradation of PIN2 by binding to SNX1 (Fig. 5c ).
The crucial role of PIN2 in root hair elongation under phosphorus deficiency
Root is the main organ for nutrient uptake, and root system architecture is significantly altered under nutrient deficiency, especially P deficiency. Root hair number and elongation are affected under LP conditions, which improves the absorption capacity and efficiency of roots (Bates & Lynch, 2000; Ticconi et al., 2004) . Auxin is critical for root development, and its abundance increases in the root tip and maturation zone (where root hair initiates) under LP conditions (Nacry et al., 2005; Bhosale et al., 2018) , indicating that IAA accumulation in the maturation zone is necessary for the development of root hair . Moreover, root hair development and elongation are affected by polar auxin transport, and P deficiency mediates the polarization of PIN2 by affecting the levels of strigolactones (Jone et al., 2009; Kumar et al., 2015) . PIN family genes are transcribed in Arabidopsis root hair cells, and PIN2 is expressed at higher levels than other PIN genes (Lee & Cho, 2006) . The specific expression of PIN2 in root hair cells results in decreased internal auxin levels in these cells, greatly inhibiting root hair growth (Ganguly et al., 2010) . Indeed, PIN2 deficiency results in suppressed auxin transport from root tips to the elongation zone, leading to the accumulation of auxin at the root tip and thus to defective root hair elongation . We found that the internalization and degradation of PIN2 in vacuoles is reduced under LP conditions. The accumulated PIN2 promotes auxin transport from the root tip to the root hair zone and increases the auxin levels of root hair cells, resulting in increased root hair elongation under LP conditions. In addition, both influx carriers (AUX1) and PIN2 are expressed in the epidermis cells, and aux1 mutant presents defective root hair development under LP conditions, which can be rescued when AUX1 is expressed in lateral root cap and epidermal cells . Considering that the defective root hair phenotype of pin2 is similar to that of aux1, it is suggested that the accumulated PIN2 in the epidermal cells of root tip under LP conditions leads to the increased auxin level in the root hair zone, hence promoting the development of root hair, like AUX1. In addition, although no evidence showing that mutants of other PIN transporters (PIN1, PIN3) present abnormal root hair growth, whether they are involved in the root hair growth regulation, particularly under P deficiency, is unknown and needs further investigations.
Phosphatidic acid or phosphorus deficiency suppresses vacuolar degradation of PIN2
In addition to transcriptional regulation, PIN2 exhibits multiple levels of posttranslational regulation, including phosphorylation and ubiquitination (Michniewicz et al., 2007; Leitner et al., 2012) . We demonstrated that PIN2 dynamically accumulates and is degraded in the vacuole under NP conditions. Interestingly, the vacuolar degradation of PIN2 is suppressed under LP conditions, which is consistent with the enhanced PIN2 protein levels in root tips and the suppressed response of pin2 to P deficiency.
PLD-derived PA plays crucial roles in plant responses to various environmental stresses, such as salinity and P deficiency (Li et al., 2006; Wang et al., 2019) . PA interacts with protein kinase PID and increases the PID-dependent phosphorylation of PIN2, which enhances the auxin efflux activity and PIN2 accumulation at the plasma membrane under salt stress (Wang et al., 2019) . Our results demonstrated that PLDf2-derived PA that is induced by P deficiency mediates the vacuolar degradation of PIN2 to increase the plant response to low P tolerance. Considering the multiple members of the PLD family, various environmental stresses may utilize different mechanisms, mediated by a distinct PLD member or PA species, to regulate the auxin levels through PIN2. P i availability alters lipid composition and content in plant tissues (Cruz-Ram ırez et al., 2006; Li et al., 2006) . Although PLD family members, especially PLDf2, are significantly induced under P deficiency, how PLDf2 is involved in plant responses to P deficiency is currently unknown. Overexpression of PLDf2 or treatment with PA increases auxin levels in roots, whereas the pldf2 mutation or treatment with 1-butanol decreases auxin levels (Li & Xue 2007) . Interestingly, both PIN2 and PLDf2 are expressed in the epidermal cells of root tip (Taniguchi et al., 2010) . Enhanced vacuolar degradation of PIN2 in pldf2 under LP conditions and suppressed vacuolar degradation of PIN2 under NP conditions in response to PA were detected, which is consistent with the decreased auxin level in root hair zones of pldf2 mutant under LP conditions. These observations are consistent with the notion that increased auxin levels during root elongation and increased root hair elongation under LP conditions are mediated by increased PA levels. These findings shed light on the involvement of the PLDf2-derived PA in plant responses to P deficiency through regulating auxin activity and root hair development, providing important clues about the regulatory network of plant responses to nutrient deficiency. It is noticed that the pldf2 mutant does not present developmental defects of roots under NP or LP conditions. Considering the difference with the reported phenotype of pldf2, including the primary root and root hair (Cruz-Ram ırez et al., 2006; Li et al., 2006; Yao et al., 2013; Su et al., 2018) , it is speculated that, based on the crucial roles of PLDs and PA in plant responses to the environment, one possible reason for the difference may due to the very slight difference in treatment conditions leading to the change in growth and development.
The PLD2 inhibitor specifically inhibits the activity of PLDf but not other PLD members (Yao et al., 2013) . Although functional deficiency of PLDf2 results in the increased transcriptions of some members of the PLD family (Li et al., 2006) , the unaltered transcriptions of them under PLD2 inhibitor do lead to the defective root hair development, confirming a specific role of PLDf2 in regulating root hair growth under P deficiency.
Phophatidic acid promotes accumulation of SNX1 at the plasma membrane through binding PA binds to target proteins to regulate their activity or subcellular localization, thereby affecting various signaling or physiological processes (Yao & Xue, 2018) . Our results demonstrate that PA binds to SNX1 to promote its distribution at the plasma membrane under LP conditions, thereby suppressing endocytosis and resulting in the accumulation of PIN2. Arabidopsis SNX1 contains two domains: the PX domain and the Bin/amphiphysin/ Rvs domain. The PX domain contains phospholipid-binding motifs. Human SNX1 specifically interacts with PI(3,5)P 2 and phosphatidylinositol (3,4,5)-trisphosphate, and Arabidopsis SNX1 directly binds to PI3P and PI(3,5)P 2 in vitro (Zhong et al., 2002; Hirano et al., 2015) . In snx1 mutant or treatment with wortmannin, the auxin transport and distribution are disturbed, which is similar to the effects of 1-butanol treatment (Li & Xue 2007; Jaillais et al., 2016) , pointing to a relationship between SNX1 and PLD-PA. Our results demonstrated that SNX1 also binds with PA and that PA-regulated vacuolar degradation of PIN2 is dependent on SNX1, shedding light on the roles and mechanism of phospholipids in plant responses to nutrient deficiency.
PA stimulates the endocytosis of membrane proteins. However, cytological analysis revealed that PA does not alter the vesicle transport of SNX1 under LP conditions, indicating that PA stimulates the plasma membrane distribution of SNX1 under LP conditions primarily via direct binding. Although similarly suppressed vacuolar degradation of PIN2 was observed under increased PA and IP 3 levels, IP 3 specially promotes SNX1 endocytosis, resulting in reduced recruitment to and accumulation of SNX1 at the plasma membrane (Chu et al., 2016) . These findings indicate that plants employ different regulatory mechanisms in response to distinct environmental factors.
Phosphatidylinositol signaling and SNXs are highly conserved in mammalian and plant cells, and SNXs play crucial roles in regulating lysosomal trafficking and protein degradation in mammalian cells. As a key signaling molecule in both mammals and plants, therefore, perhaps PA plays a role in regulating the degradation of membrane proteins in lysosomes by modulating SNX distribution, representing a general regulatory mechanism throughout eukaryotic species.
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